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The site of action of carboxin (2,3-dihydro-6- 
methyl-'3-carboxanilido-l, 4 oxathiin) has previously been 
shown to be at the level of the succinoxidase system.
The results reported in this dissertation confirm that 
inhibition lies within the succinoxidase system and 
furthermore show the site of inhibition within this 
system.
The effect of carbcxii on intact and disrupted beef 
heart and rat liver mitochondria was determined by con­
ducting respirometry studies employing tricarboxylic acid 
(TCA) cycle intermediates as substrates. Results of these 
studies confirmed that carboxin specifically inhibits 
succinate oxidation.
The absence of inhibition by carboxin of activity 
using phenazine methosulfate (PMS) assays and intact beef 
heart mitochondria ruled out inhibition at the level of 
the succinate dehydrogenase flavin moiety. Inhibition by 
carboxin of formazan formation by intact mitochondria and 
by succinate-coenzyme Q reductase and inhibition of 
dichlorophenolindolphenol (DCIP) and ferricyanide reduction 
by succinate-coenzyme Q reductase indicates that the site 
of action of carboxin corresponds to Complex II of the 
electron transport system.
The high activity of succinate-coenzyme Q reductase 
in the absence of coenzyme Q using the DCIP assay 
indicated that DCIP was reduced without intervention of
coenzyme Q. No activity was observed using the neo­
tetrazolium or ferricyanide assays in the absence of 
added coenzyme Q. The effects of carboxin on succinate- 
coenzyme Q reductase as observed with these assay 
systems indicate that the site of inhibition of carboxin 
is on one or both of the iron-sulfur proteins located 
within Complex II of the electron transport system.
EPR studies further confirmed these observations.
Several derivatives of carboxin were prepared and 
used to study structure-activity requisites. All 
substitutions in the carboxin molecule decreased its 
inhibition of succinate-coenzyme Q reductase.
REVIEW OF LITERATURE 
Conventional control of foliar diseases is based on 
the use of a fungicide with residual action which can be 
applied as a dust or spray. The efficiency of these 
fungicides depends upon their initial distribution and 
subsequent modification. A major problem is involved in 
that the formation of new foliage is unprotected.
Limits imposed by the use of conventional fungicides 
can be circumvented, to some extent, by the use of 
systemic fungicides. "Systemic" implies the uptake of a 
compound by the roots, stem, or foliage of a plant and 
its translocation throughout the plant. To be successful, 
the compound must resist degradation or the degradation 
product must be effective. The fungicide may act by 
increasing the resistance of the host as well as by pene­
trating the cell membrane of the pathogen and interfering 
with some vital process.
Oxathiins were among the first of the systemic 
fungicides. Their systemic fungicidal nature was dis­
covered by von Schmeling and Kulka^^ in 1966 when treat­
ment of pinto bean and barly seed with carboxin (Figure 1) 
and its sulfone analog, oxycarboxin, gave effective con­
trol of such pathogenic fungi as Uromyces phaseoli and 
Ustilago nuda. Numerous reports concerning their value 
in controlling various plant diseases appeared after their 
d i s c o v e r y . Edgington, Walton, and Miller^ later
reported the unique property of oxathiins in their
1
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selectivity for fungi belonging to the Basidiomycetes, 
although there are also a few members of the Deutero- 
mycetes and Phycomycetes which are sensitive to carboxin 
or its isomers.
Fungi have many metabolic pathways similar to or 
the same as higher plants. Therefore, it became of 
special interest to determine why systemic fungicides can 
move through plant tissue without adversely affecting it 
and at the same time can inhibit or kill fungal pathogens. 
The mechanism of the fungitoxic action of carboxin was 
first studied by Mathre.^2 Carboxin caused a marked inhi­
bition of pyruvate, acetate, and succinate oxidation by 
intact cells of the sensitive Basidiomycetes, Ustidago 
maydis, Ustilago nuda, and Phizoctonia solani. When 
carboxin treated cells metabolized glucose-U-^C, an 
accumulation of radioactive label was found in succinate 
while a decrease in label was found in fumarate, malate, 
and citrate. Phenylalanine incorporation into protein was 
inhibited by 30 percent. Also, incorporation of uracil 
into RNA was inhibited by 75 percent, however, this may 
have been due to a lack of high energy compounds resulting 
from inhibition of the TCA cycle and oxidative phos­
phorylation.
Ragsdale and Sisler-^ found that glucose oxidation 
by Conidia of Neurospora crassa and mature sporidia of U. 
maydis was unaffected by carboxin whereas acetate oxi­
dation was inhibited by 70-90 percent. Carboxin was found
to be ten times as toxic to growth of U. maydis, N. 
crassa and Saccharomyces pastorianus on an acetate sub­
strate as when grown on a glucose substrate. Carboxin 
reduced systhesis of RNA, DNA, and protein by 60-90 
percent in rapidly metabolizing cells of R. solani, U. 
maydis, Verticillium alboatrum, and n . crassa. This 
appeared to result from a primary effect of carboxin on 
energy generation and precursor synthesis in the TCA 
cycle.
Sensitivity of fungi to carboxin seems to be at least 
partially related to the amounts of the fungicide that 
enter cells. The uptake and binding of carboxin by 
sensitive and resistant fungi was studied by Mathre.*3 
The uptake of labeled carboxin and its sulfone analog by 
the sensitive fungi, R. solani ard U. maydis was rapid 
with maximum uptake occurring 30-90 minutes after expo­
sure. The resistant fungi, Fusarium oxysporum f. sp. 
lycopersici and S. cerevisiae absorbed very little of 
either. Of the fungicide which was retained in the cell, 
2-5 percent of the activity was associated with the wall 
fraction, 0.5 percent with the mitochondrial fraction, 
and 38 percent with the ribosomal fraction. This led 
Mathre to propose that the effectiveness of carboxin may 
be due to the binding of ribosomes.
Georgopoulas and Sisler^-® found that carboxin resis­
tance could be used to select for a mutant of U. maydis in 
which antimycin A tolerant electron transport had been
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eliminated. The antimycin A sensitive mutant was strongly 
inhibited by azide and cyanide which stimulated wild type 
U. maydis. Mutant and wild type cells did not differ in 
their sensitivity to rotenone. Since the mutation affects 
in vivo sensitivity to inhibitors of both DPNH and succi­
nate oxidation, but not to rotenone which selectively 
inhibits DPNH oxidation, the action of the gene appears 
to be in the succinate dehydrogenase complex. It was 
determined by genetic studies that the same pair of seg­
regating genes control the response to both toxicants and 
to antimycin A sensitivity.
Larson and Britton-*7 studied the effect of carboxin 
on mitochondria isolated from N. crassa and rabbit liver. 
They obtained evidence that carboxin inhibits succinate 
oxidation in both. Their results further indicated that 
carboxin inhibits the transfer of electrons between 
succinate dehydrogenase and coenzyme Q.
In experiments with mitochondria isolated from 
sensitive Basidiomycetes and rat liver, M a t h r e ^  found 
that succinate oxidation was inhibited by low concen­
trations of carboxin while DPNH oxidation was uninhibited. 
On the basis of the neglible effect of carboxin on NADH 
oxidation, Mathre concluded, as did Georgopoulas, that 
the site of inhibition by carboxin was the succinate dehy­
drogenase complex. 2,4-dinitrophenol was found to reverse 
inhibition by oligomycin which is thought to interfere 
with the oxidative phosphorylation reaction. Carboxin did
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not reverse oligomycin inhibition which would indicate 
that it does not function as an uncoupler of oxidative 
phosphorylation. The inhibition observed with carboxin 
was of a non-competetive nature.
More detailed studies on the effect of carboxin on 
a particulate preparation of succinate dehydrogenase from 
U. maydis were done by W h i t e . ^  Carboxin, at a concen­
tration 5 x 10~^M, completely blocked succinate oxidation 
by a cell-free preparation of U. maydis while yeast and 
ming bean succinate dehydrogenases were uninhibited at 
this concentration. Inhibition of dichlorophenolindol- 
phenol (DCIP) reduction by carboxin was instantaneous, 
independent of the amount of particulate protein, 
completely reversible by dilution and washing, and was 
not reversed by FAD or FMN. The inhibition of DCIP 
reduction was non-competetive and the calculated Kj value 
was 5.0 x 10"^M. Experiments with carboxin and phenazine 
methosulfate revealed a lower amount of inhibition de­
pendent upon PMS concentration than when DCIP was used 
alone as an electron acceptor. While Mathre and White 
agree that carboxin acts in a non-competetive way, White 
suggests that the fungicide molecule acts as a steric 
inhibitor of succinate dehydrogenase, presumably pre­
venting the approach of the electron acceptor to either 
the flavoprotein or the non-heme iron.
Ulrich and Mathre^ undertook a study to define 
more precisely the site of action of carboxin on the
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electron transport system of fungi. Carboxin inhibited 
succinate-cytochrome C reductase of mitochondria from U. 
maydis and S. cerevisiae but had no effect on NADH- 
cytochrome C reductase. Also, succinate-coenzyme Q 
reductase was inhibited while NADH-coenzyme 0 reductase 
was not. These findings indicated that carboxin was 
inhibiting Complex II of the electron transport system of 
which succinate dehydrogenase is a part. Succinate 
dehydrogenase activity was assayed in intact mitochondria, 
mitochondrial fragments, and in a soluble form with DCIP 
as terminal electron acceptor. When DCIP was used as the 
terminal electron acceptor, lOOuM carboxin inhibited 
succinate oxidation by U. maydis mitochondria by 100 per­
cent. However, when PMS was used as the initial electron 
acceptor, inhibition was reduced to 59 percent. This 
phenomenon was also observed by White^® in his studies on 
the succinate dehydrogenase from U. maydis. Carboxin 
failed to inhibit the solubilized succinate dehydrogenases 
from U. maydis and S. cerevisiae when the PMS-DCIP assay 
was used. Based on these results, Ulrich and Mathre*^ 
concluded that carboxin is only effective when succinate 
dehydrogenase is structually related to mitochondrial 
membranes.
1 ftGeorgopoulas, Alexandra., and ChrysayiA have reported 
that high resistance to carboxin may be obtained in U. 
maydis by a single gene mutation that modifies the 
succinate dehydrogenase system of the mitochondria. With
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succinate as a carbon source, comparison of the ED5q 
values showed that respiration of mutant cells was about 
30 times more resistant to the fungicide than was that of 
wild type cells. Glucose oxidation was less inhibited 
than that of succinate, but mutant sporidia were easily 
distinguishable from wild type on the basis of carboxin 
resistance to oxygen uptake. Succinate dehydrogenase 
activity of mutant cells was much less than that of wild 
type cells in the absence of carboxin, which further 
indicated that succinate dehydrogenase is altered in 
mutant cells. However, if succinate dehydrogenase must 
be structurally a part of mitochondrial membranes in 
order to be sensitive to carboxin as Mathre believes,^ 
then the mutation might just as well affect another 
component of the complex and not the dehydrogenase. In 
contrast to the previously discussed mutation selected 
for by c a r b o x i n ^  this mutation does not affect the 
alternate electron transport pathway present in U. maydis.
Several studies have been conducted regarding 
structure-activity relationships of carboxin and carboxin 
analogs. Snel, von Schmeling, and Edgington®2 found that 
the 3' methyl analog surpassed carboxin in fungitoxicity 
to Basidiomycetes while substitution of electron with­
drawing groups in the aniline ring markedly reduced 
fungitoxicity. Replacement of the 2-methyl-oxathiin 
moiety by an o-tolyl, 2,4-dimethylthiazolyl, 2-amino- 
4-methy1-thiazolyl or dimethylthiazolyl moiety resulted
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in compounds which retained the original biological 
activity although all the analogues showed decreased 
fungitoxicity. Benzanilide was significantly less toxic 
to R. solani than o-toluanilide which indicated that the 
methyl group in position two was necessary for good 
activity. A later study®1 showed that replacement of the
2-methyl group with a n-propyl group resulted in a 20 
fold reduction in fungitoxicity. Products resulting from 
cleavage of the carboxamide linkage, aniline and 5,6- 
dihydro-3-carboxy-2-methyl-l,4 oxathiin, were not toxic 
to R. solani. The products formed by either reductive 
cleavage of bonds 1-2 and 3-4 of the oxathiin moiety or 
hydrolytic cleavage of the bond 1-2 resulted in loss of 
fungitoxicity. Thus, it would seem that loss of the 
carboxamide moiety or opening of the oxathiin ring 
causes reduced toxicity. The fungitoxic spectrum was 
increased by 2' phenyl and 2',6'-diethyl analogs. This 
indicated that a group with greater lipid solubility and/ 
or higher electron donating properties than a methyl 
group is required in the 2' position to extend the 
fungitoxic spectrum.
Mathre45 found that while carboxin inhibited growth 
of R. solani and germination of U. nuda teliospores over 
50 percent at a level of 1 uM, 5,6-dihydro-2-methyl-N- 
(2-biphenyl)-1,4 oxathiin-3-carboxamide gave 40 percent 
inhibition at the same concentration. The oxide com­
pounds, 5,6-dihydro-2-methyl-l,4 oxathiin-3-carboxanilide-
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4-oxide and 4,4-dioxide only gave 0-15 percent inhibition 
at 10"5 M. The thiazoles, 2,4-dimethyl-5-thiazolecarbox- 
anilide and 2-amino-4-methyl-5-thiazole carboxanilide 
gave 50-75 percent inhibition of growth and germination 
at a concentration of 10“  ̂ M. The same compounds which 
inhibited growth or spore germination also inhibited respi­
ration, but only at higher concentrations. They also 
inhibited acetate metabolism and RNA synthesis which 
indicates they have the same mode of action as carboxin.
The flow of electrons through the respiratory chain 
is the elementary step of energy conservation. It 
precedes the movement of ions, the formation of ATP, and 
whatever structural or morphological changes that 
occur. The electron transport system of mitochondria is 
a multicomponent structure composed of protein, lipid, 
and a number of components capable of undergoing cyclic 
reduction and oxidation. These components can be divided 
into three groups on the basis of their chemical 
structure. They are: (1) quinoid structures (flavins,
coenzyme Q ) , (2) iron-porphyrin chelates (the heme
groups of cytochromes a, a 3 , b^, c3), and (3) transition- 
metal ions not chelated with porphrins (non-heme iron, 
copper). Sulfhydryl groups may also be considered as 
participants in electron transfer. The function of the 
electron transport system is to oxidize reduced NAD and 
succinate to NAD and fumarate, to transfer the liberated 
electrons to molecular oxygen and to relay the energy
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from those oxidations to a set of components which 
utilize it in the formation of ATP from ADP and inor­
ganic phosphate. In the mitochondrion, electron transfer 
components are arranged in accordance with their oxidation 
reduction potentials and electrons are transferred 
rapidly from reduced NAD and succinate to oxygen.
In studies with ubiquinone-depleted submitochondrial 
particles, Ernster, Lee, Norling, and Persson*6 obtained 
evidence for the requirement of ubiquinone in the 
rotenone sensitive oxidation of NADH by fumarate. This 
indicates that ubiquinone is essential for transfer of 
hydrogen between the NADH and succinate dehydrogenases 
and provided strong evidence for a role of ubiquinone as 
the merging point for the succinate and NADH branches of 
the respiratory chain. The respiratory chain and the 
points of entry of electrons from various substrates is 
shown in the diagram below. Also shown are the three 
probable sites of energy conservation and the sites of 
inhibition of several inhibitors of electron transport.-*®
Pyruvate Succinate
FP5 ^  FP;
Malate 
Ieocitrate ~ATPl \ l~ATPl f ATP I
t“ A/ S' T
NAD —  FPj —♦ CoQ —> Cyt b —> Cyt c. —) Cyt c Cyt a+aj —  ̂0r   r r j r u u y r t u 7 w j 7 \ *  i u
Glutamate (rotenone,** (antimycin A) (cyanide)
amytal) / I
3-Hydroxyacyl CoA / /
Fatty acyl CoA 
Glycerol phosphate
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It is possible to divide the electron transport 
system of mitochondria into four discreet enzyme com­
plexes. They are: Complex I, or DPNH-coenzyme Q
reductase which catalyzes the reaction DPNH + Q+H+  }
DPN++QH2 ; Complex II or succinate-coenzyme Q reductase
which catalyzes the reaction succinate + coenzyme Q  ^
fumarate + QH 2 ; Complex III or QH2-cytochrome C reductase 
which catalyzes the reaction QH2 + 2  ferricytochrome C — > 
Q+2 ferrocytochrome C; and Complex IV or cytochrome C 
oxidase which catalyzes the reaction 2 ferrocytochrome 
C+2H+%C>2 —> 2 ferricytochrome C+H20. These complexes can 
be isolated and recombined so that the overall sequence 
of electron transfer is retained.^
There is charge separation in the electron transfer 
complexes as a consequence of the fact that transition 
metal ions in the complexes serve as electron sinks and 
not as hydrogen atom acceptors. The metal ions may be 
regarded as "electron filters." The electric field 
intensity would be considerable due to charge separation 
unless there were a device to prevent propagation of the 
electric field into the medium. It is postulated that 
two components are involved, one when the original charge 
separation takes place, and a second component which 
undergoes a complementary polarization and then catalyzes 
the depolarizing endergonic chemical reaction as the 
depolarizing structural component. The charge separation 
leads to a major conformation change which generates an
14
efficient linkage system connecting the exergonic and
endergonic sites in the protein subsystem. This linkage
21system is necessary for energy coupling.
Complex II or succinate-coenzyme Q reductase is a 
complex form of succinate dehydrogenase. Since its 
discovery in 1909, succinate dehydrogenase has been one of 
the most widely and intensively studied enzymes. It is a 
ubiquitous enzyme, the properties of which reflect the 
metabolic needs of the cell. In aerobic cells, the 
enzyme favors oxidation of succinate to fumarate with 
concomitant energy conservation. It is subject to 
regulation and is membrane bound. In anaerobic cells, 
reduction of fumarate to succinate is favored, providing 
a mechanism for reoxidation of DPNH generated in fermen­
tation or glycolysis. Regulation appears to be absent.
In faculative anaerobes, both types of succinate dehydro­
genase are present under separate genetic control.*®
The flavoprotein nature of mammalian succinate 
dehydrogenase was suggested by several early observations. 
Kearney and Singer*^ and Kearney-** reported that 
appreciable amounts of flavin type material could be 
liberated by tryptic digestion of the soluble enzyme from 
beef heart. It was not identifiable as FAD or FMN.
Later results^® indicated that succinate dehydrogenase 
contains FAD which is held to a peptide chain by covalent 
linkage which survives proteolytic digestion. By 
comparing a flavin peptide preparation of succinate
15
dehydrogenase with the 8 ca< position substituted and other
model compounds using the ENDOR (electron nuclear double
resonance) technique, Walker, Salach, Gutman, Singer,
Hyde, and Ehrenberg®^ confirmed the peptide attachment of
succinate dehydrogenase to the 8 position of ribo-
fi ftflavin. In a later study0 , the enzyme was subjected to 
hydrolysis and reduction under acid conditions, both of 
which resulted in the liberation of 1 umole of histidine 
per mole of flavin. Histidine was shown to be the co­
valent link between the flavin and the peptide backbone 
and the imidazole moiety was shown to be the tertiary 
nitrogen function homoconjugated to the flavin.
Singer and Kearney-5̂  showed that coenzyme Q functions 
between the flavoprotein and the cytochromes. Their 
results indicated that coenzyme Q does not react with the 
succinic flavoprotein since the primary flavoprotein does 
not catalyze reduction of coenzyme Q by succinate.
The failure of many early efforts at isolation of 
succinate dehydrogenase may be traced to the use of 
inadequate assay methods. When it was discovered that 
N-alkylphenazonium compounds, such as PMS react directly 
with enzyme in both soluble form and in respiratory chain 
preparations, succinate dehydrogenase was successfully 
isolated from beef heart, pig heart, aerobic yeast mito­
chondria, Micrococcus lactilyticus, and Propionibacterium
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Succinate dehydrogenase preparations may be divided 
into four categories on the basis of complexity and 
ability to react with natural electron acceptors. The 
classical type preparation as described by Singer-^® 
contains 1 mole of flavin, 4 g atoms of non-heme iron, 
and 4 moles of acid labile sulfide/200,000 grams of 
protein. This preparation was shown to catalyze electron 
transfer from succinate to PMS and less efficiently to 
ferricyanide. It does not react with components of the 
electron transport system and is devoid of coenzyme Q 
reductase activity. The presence of sulfhydryl groups 
essential for enzyme activity was shown and also that 
the substrate and competitive inhibitors protect the 
enzyme from the action of sulfhydryl inhibitors.
The succinate dehydrogenase preparation of King^''** 
isolated from mitochondrial particles by extraction at 
alkaline pH in the presence of succinate contains 1 mole 
of flavin, 8 g atoms of Fe, and 8 moles of labile sulfide/
320,000 grams of protein. It contains no lipid, 
coenzyme Q, or heme. In addition to artificial electron 
acceptors, the succinate dehydrogenase interacts with 
electron transport particles, the succinoxidase activity 
of which had been impaired by pretreatment with alkali.
If succinate is omitted from the original incubation 
mixture an enzyme results which cannot be used for 
reconstitution experiments.
17
3 5King and Takemori later found that when their 
succinate dehydrogenase preparation was combined with a 
cytochrome b-c particle preparation, succinate-cytochrome 
c activity could be restored. The reconstituted system 
catalyzed the rapid reduction of DCIP. Coenzyme Q was 
found to stimulate the activity of intact succinate- 
cytochrome c reductase but hardly affected the reconsti­
tuted reductase. A possible stimulation by coenzyme Q 
due to its effect on the residual detergent in the enzyme 
was suggested since the intact reductase contained more 
cholate than did the reconstituted reductase.
Ziegler and Doeg^l reported the isolation of a 
complex form of succinate dehydrogenase (coenzyme Q 
reductase or Complex II) that contains all of the com­
ponents required to catalyze the rapid reduction of 
coenzyme Q by succinate. It contains 1 mole of flavin,
1 mole of cytochrome b, 18 g atoms of Fe, and 8 moles 
of labile sulfide/240,000 grams of protein. It has 
essentially the same concentration of flavin as the 
primary flavoprotein but contains more lipid, non-heme 
iron, and protoheme in an amount equivalent to the flavin. 
In contrast to the primary flavoprotein, the coenzyme Q 
reductase catalyzes the reduction of methylene blue,
DCIP, and ferricyanide. Also, none of the previous forms 
of succinate dehydrogenase could utilize coenzyme Q as an 
electron acceptor. The phenazine methosulfate reductase 
activity of the coenzyme Q reductase is twice that of the
18
primary flavoprotein even though the flavin content is the 
same. The second reaction site must be localized between 
the flavoprotein and coenzyme Q since PMS reduction was 
not stimulated by addition of coenzyme Q to the assay 
medium. If heme-free flavoprotein is prepared from 
coenzyme Q reductase, the ratio of flavin to protein is 
the same so apparently only protoheme and not a hemo- 
protein is separated from the flavoprotein.
Baginsky and Hatefi^ prepared succinate coenzyme Q 
reductase by a modified procedure of Ziegler and Doeg and 
extracted the succinate dehydrogenase. Their results 
indicated that the iron and sulfur components are 
essential for electronic communication between succinate 
dehydrogenase and the respiratory chain. Damage to the 
iron-sulfide system during isolation rendered the enzyme 
inactive in reconstitution experiments. The high PMS- 
DCIP reductase activity of this succinate dehydrogenase 
preparation as compared to that of the King e n z y m e ^ " ^  
indicates that this assay is incapable of detecting such 
significant defects in isolated succinate dehydrogenase. 
Baginsky and Hatefi^ later reported that treatment of 
their succinate dehydrogenase preparation with ammonium 
sulfate, Na 2 $, and mercaptoethanol restored ability to 
interact with alkali-inactivated electron transport 
particles or with the cytochrome b rich fraction of Com­
plex II for reconstitution succinoxidase or succinate- 
coenzyme Q reductase activity. Both activities are
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inhibited by thenoyltrifluroacetone. The damage incurred 
during isolation is apparently slight because the ratio 
of iron-labile sulfide to flavin is the same for Complex 
II and for succinate dehydrogenase. The authors assumed 
from this that succinate dehydrogenase is a single protein 
and not a complex of a flavoprotein and an iron-sulfur 
protein. Th<' cytochrome b present in their succinate 
coenzyme Q reductase was slowly reduced in the presence of 
succinate. Reduced coenzyme Q-cytochrome b reduction 
which was inhibited by TFFA and by antimycin A in the 
presence or absence of coenzyme Q suggested that cyto­
chrome b reduction in Complex II preparations occurs by 
way of coenzyme Q and the antimycin sensitive site.
Recently, Davis and Hatefi^ described a method for 
extracting succinate dehydrogenase from the Complex II 
preparation of Ziegler and Doeg which involved incubation 
of Complex II with 0.8 M NaClO^ in the presence of succi­
nate and dithiothreitol. As compared to Complex II, the 
purified succinate dehydrogenase contains twice as much 
flavin, iron, and acid labile sulfide per mg of protein 
and thus the ratio of these components in the preparation 
remains the same. The preparation had been freed of 
lipids. Succinate dehydrogenase was resolved by chao- 
tropic agents into two dissimilar proteins. The water 
soluble fraction was shown to be an iron-sulfur protein 
and the insoluble fraction a flavoprotein containing iron 
and labile sulfide. The flavoprotein was shown to contain
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4 g atoms of Fe and 4 moles of labile sulfide per mole of 
flavin while the iron-sulfur protein contains large 
amounts of iron and labile sulfide but neglible amounts 
of flavin. Their results indicated a molecular weight of
70.000 + 7 percent for the flavoprotein and a molecular 
weight of 27,000 + 5 percent for the iron-sulfur protein 
or a total molecular weight of 97,000 + 6 . 6  percent. A 
variety of physical measurements had previously indicated 
a molecular weight of 175,000 + 10,000, a discrepancy 
which was resolved by Coles, Tisdale, Kenney and Singer.H 
Their results indicate that the enzyme in solution exists 
in a dynamic monomer-dimer equilibrium. The ratio of
30.000 molecular weight subunits to 70,000 molecular 
weight subunits appears greater than one due to a 30,000 
molecular weight impurity present in all preparations of 
succinate dehydrogenase which was not separated from the 
enzyme on sephadex or acrylamide gels. Examination of the 
properties of this succinate dehydrogenase preparation by 
Hanstein, Davis, Ghalambor, and H a t e f i ^ *  revealed that it 
was fully active with respect to PMS reduction and inter­
action with the electron transport system and that it 
could not be inactivated by dialysis or by repeated 
passage through Sephadex G-25. This difference between 
the Davis and Hatefi preparation and all other prepara­
tions of succinate dehydrogenase previously described 
aroused interest in what caused the change in the prop­
erties of the enzyme. Later e x p e r i m e n t s ^ ?  revealed that
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perchlorate activates the enzyme during the process of 
extraction which explains why NaCl04 - extracted prep­
arations are fully active in contrast to all other 
preparations.
Electron paramagnetic resonance (EPR) studies have 
provided additional information concerning the iron- 
sulfur components of the succinoxidase system. EPR is a 
method for studying unpaired electrons which occur mainly 
in organic free radicals and in transition metal ions in 
the paramagnetic oxidation states. In a paramagnetic 
centre, the unpaired electron is influenced only by atoms 
in its immediate environment, so EPR is a tool for picking 
out and studying these centres. EPR may be used to decide 
if free radicals are present and is frequently used to 
identify the metal ion giving the signal. It may also be 
used to study hyperfine interactions with neighboring 
atoms. Free radical levels in tissues correlate with the 
contents of their mitochondria and presumably come from 
flavoproteins. Iron-sulfur proteins which contain non­
heme iron and liberate upon mild acidification are
characterized under reducing conditions by rather broad 
asymmetric signals in the region of g = 1 .9 4 .1 ®
Beinert and Sands^ examined preparations of succi­
nate and DPNH dehydrogenases by EPR spectroscopy. They 
observed symmetrical signals at g = 2 . 0 0  on partial 
reduction of all preparations which were probably duo to 
free radicals, mainly flavin semiquinones. He also
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observed a signal at g = 2.05 in cytochrome oxidase prep­
arations characteristic of Cu1 1  and a signal at g = 4.3 
due to ferric iron specifically reduced by DPNH. When 
DPNH or succinate dehydrogenase preparations were reduced 
by their respective substrates, a new asymmetric signal at 
g|( = 2.00, gx = 1.94 appeared. The signal showed a 
different shape depending on the substrate used. Since 
iron was the only transition metal present in significant 
amounts in the preparations studied, the new signal 
indicated the reduction of iron in sites other than those 
yielding a signal at g = 4.3. In later studies, ̂ 3 EPR 
signals were observed with mitochondria that were identi­
cal to those observed under similar conditions with 
purified preparations derived from mitochondria and hence 
proves that the signals were not artifacts. The properties 
of the EPR signal at g(| = 2.00, gj, = 1.94 including its 
maximal development at full reduction confirmed their 
earlier observations that it is a paramagnetic ion which 
becomes reduced by substrate.
Albracht and Slater-*- observed that the EPR spectra 
of isolated succinate dehydrogenase and Mg - ATP 
particles (non-energized phosphorylating submitochondrial 
particles isolated from beef heart) reduced by succinate 
are quite different at 20 K while they are very similar 
at 83 K. From the intensity of a line at g = 1.933 in 
particles at 83 K and the effect of temperature on this 
line in isolated succinate dehydrogenase, they calculated
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that it would barely be visible at 20 K. The g = 1.933 
line was therefore determined to be derived from iron- 
sulfur proteins associated with NADH dehydrogenase. It 
was concluded that succinate could reduce some of this 
species, giving a line with intensity one-fourth that 
obtained with NADH. ATP was found to cause reduction 
by succinate or ascorbate of a component that gives in 
the reduced form an EPR signal with g values of 2.026, 
1.896, and 1.801. It thus appears that energization can 
cause a change in the redox potentials of iron-sulfur 
proteins possibly by causing a structural change in the 
iron-sulfur protein itself or in the redox potential of 
another component of the respiratory chain with which the 
iron-sulfur species is in equilibrium.
In experiments using sub-mitochondrial particles and 
a preparation of Complex I and Complex III, Albracht, 
von Herrikhutzan, and Slater^ studied iron-sulfur 
proteins reduced by succinate. They found three compo­
nents which contribute to the g = 1.94 line, two of which 
arc rapidly reduced by succinate and one which is slowly 
reduced. Reduction of one of the rapidly reduced species 
was 95 percent inhibited by thenoyltrifluroacetone which 
had previously been shown to inhibit succinate oxidation 
in submitochondrial particles.^  Since TTFA has no effect 
on the g = 1.94 line in isolated succinate dehydrogenase, 
95 percent of the g = 1.94 line must be due to iron- 
sulfur proteins located in the respiratory chain after the
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dehydrogenase. Their results further indicated that the 
site of action of TTFA occurs prior to coenzyme Q.
Siccanin, an antibiotic isolated from culture 
filtrates of Helmlnthosporium siccans^Q also has been 
shown to inhibit succinate oxidation by intact cells and 
mitochondria of Trichophyton mentagrophytes.4** No effect 
of siccanin on NADH or ascorbate oxidation was observed.
Diazoxide, (3-methyl-7-chloro-l,2 ,4-benzo- 
thiadiazin-1 ,1 -dioxide) which has diabetogenic action 
by supression of insulin secretion in vivo and in vitro, 
inhibits succinate oxidation in uncoupled mitochondria 
from rat liver. It does not inhibit respiration with 
B-hydroxybutyrate which delivers electrons to the
C Arespiratory chain at the NADH level.
Tannic acid has been shown to inhibit succinate 
oxidation specifically, but the inhibition is of a 
competitive type and is thought to be caused by pre­
vention of the penetration of succinate into mitochon­
dria .4®
Other antifungal agents, in addition to carboxin, 
affect mitochondrial activities, but none act specifically 
on succinate oxidation. Pyrollnitrin inhibits succinate 
oxidase, NADH oxidase, succinate-cytochrome c reductase, 
NADH-cytochrome reductase, and succinate-coenzyme Q 
reductase.^ The arylhydrazano-isoxazolone fungicides act 
by uncoupling oxidative phosphorylation in rat liver 
mitochondria. 4 4
MATERIALS AND METHODS 
Preparation of cell fractions
White Wistar rats were sacrificed by decapitation 
and after all bleeding stopped, their livers were removed. 
The livers were immediately placed into a beaker of 
0.25 M sucrose kept at 0 C by packing in ice. Mito­
chondria were isolated according to the method of 
Johnson and L a r d y ^  with the following exception. The 
suspending solution during isolation was freshly pre­
pared 0.25 M sucrose containing 0.01 M K 2 HPO4 and adjusted 
to pH 7.2 with 6 N HC1. Isolation was accomplished using 
a RC2-B refrigerated Sorvall centrifuge. Pellets were 
dispersed by suspending in sucrose and then by forcing 
the material through the tip of a 10 ml pipette. The 
final mitochondria containing pellet was washed four 
times with 20 ml of the sucrose solution. The mito­
chondria were then suspended in the sucrose solution at 
a protein concentration of 75-100 mg protein per ml.
They were used immediately or packed in ice and stored at 
4 C until used.
Fresh beef hearts were obtained from the slaughter­
house where they were placed in crushed ice immediately 
after removal from the animals. Mitochondria were 
isolated according to the method of Blair® except that 
they were suspended in 0.25 M sucrose containing 0.01 M 
K 2HPO^ and 0.5 mM sodium succinate at pH 7.4.
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Disruption of rat liver and beef heart mitochondria 
was accomplished by ultrasonic oscillation (Branson, 
model W-12.5) for 60 seconds in a metal cup. The 
temperature was maintained at 0-4 C by using a Sargeant 
water bath cooler.
Succinate-coenzyme Q reductase (Complex II) was 
isolated from beef heart mitochondria by the method of 
Ziegler and Doeg^* after they were resuspended in three- 
fourths of their weight of the Sharpies centrifuge 
effluent. The purified succinate-coenzyme Q reductase 
was dialyzed for one hour to remove ammonium sulfate. 
Removal of the deoxycholate in the purified preparation 
was omitted. The succinate-coenzyme Q reductase was 
stored at -15 C in .1 ml aliquots. Glass distilled 
deionized water was used throughout the purification 
procedure.
Acetone-treated mitochondria were prepared 
essentially according to the method of Ogamo, Suzuki, 
and Okvi.^9 twc> ml of a mitochondrial suspension at a 
protein concentration of 1 0 0  mg per ml in a solution 
containing 0.25 M sucrose, 0.01 M potassium phosphate, 
was added to 150 ml of dry acetone (-5 C). After 
stirring for 5 minutes, the sediment was collected and 
dried under vacuum for two hours. The dried particles 
were washed with 0.25 M sucrose containing 0.01 M 
potassium phosphate and the pellet of acetone-treated
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mitochondria was suspended in the sucrose solution at a 
concentration of 50 mg protein per ml.
Beef heart submitochondrial particles for use in 
the EPR studies were prepared by a modification of the 
method of Skelton, Bowman, Porter, and Folkers.^ Mito­
chondria were isolated by the method previously described 
and were then subjected to ultrasonic oscillation for two 
minutes. The sonicate was centrifuged at 12,000 x g in 
a Spinco Model L ultracentrifuge for ten minutes and the 
supernatant fluid was then centrifuged at 1 0 1 , 0 0 0  x g for 
forty minutes. The pellet was washed once in 0.25 M 
sucrose and resuspended at a protein concentration of 
50 mg per ml in a solution of 0.25 M sucrose and 50 mM 
Tris-HCl buffer (pH 8.0).
Assays
Protein determinations on whole and disrupted mito­
chondria were done by measuring absorbancy at 260 mu 
and at 280 mu using a Beckman DB spectrophotometer 
according to the method of Warburg and Christian.®^ Mito 
chondria were dissolved in 4 M urea which contained 
0.05 N sodium hydroxide before absorbancy was measured.
In the preparation of succinate-coenzyme Q 
reductase, protein concentrations of all fractions, 
except the purified preparation were estimated according 
to the biuret method of Gornall, Bardawill and David.^0 
Heme was extracted from the purified succinate-coenzyme Q
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reductase by the method of Ziegler and Doeg^^ before the 
protein was estimated by the biuret method.
Succinate dehydrogenase activity was determined 
using the phenazine methosulfate assay of Bernath and 
Singer.^ Oxygen uptake was measured at 38 C over a 
seven minute interval using a Warburg apparatus and 
employing 4 mg mitochondrial protein per vessel.
Neotetrazolium assays of succinate coenzyme Q 
reductase activity were done by a variation of the method 
reported by Ogamo^. Double sidearm Warburg vessels 
equipped with venting chimneys were used as reaction 
vessels. Each flask contained a total volume of 3.5 ml 
composed of the following: potassium succinate (60
umoles, pH 7.4), tris buffer (0.3 ml, 0.05 M, pH 7.4), 
enzyme (39.1 ug), neotetrazolium chloride (0.4 ml of a 
saturated aqueous solution), KCN (3 umoles), and carboxin, 
or other inhibitor. Anaerobic conditions were insured by 
flushing the flasks with argon for five minutes. The 
reaction was initiated by adding the neotetrazolium and 
substrate from the sidearms of the reaction vessel.
After incubation for thirty minutes at 3 8 C, the reaction 
was terminated by addition of 1 ml of 3 M trichloro­
acetic acid. Reduced neotetrozolium (formazan) was 
extracted with 4 ml of ethyl acetate, separated from the 
aqueous layer using a syringe and measured spectrophoto- 
metrically at 530 mu in a Beckman DB spectophotomer. A 
molar extinction coefficient of 16,700 M"lcm“l was used.
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Succinate-dichlorophenolindophenol (DCIP) reductase 
activity was measured according to the method of Ziegler 
and R i e s k e . ^  The temperature of the reaction mixture 
was held at 38 C in a thermostatically controlled Beckman 
DB spectrophotometer which was blanked prior to addition 
of the DCIP. The reaction was initiated by the addition 
of 1 . 0  ug of enzyme and the change in absorbancy at 
600 mu was recorded. A molar extinction coefficient of 
20,500 M”lcm“l was employed for DCIP in calculating 
specific activity.
Ferricyanide reduction was used to determine 
succinate-coenzyme Q reductase activity by the method of 
Ziegler and D o e g . ^ l  Ferricyanide was substituted for 
DCIP at a final concentration of 8 x 10“  ̂ M using the 
same procedure for assay of activity. The pH of the 
medium, however, was 7.6 and the change in absorbance of 
ferricyanide was recorded at 420 mu. A molar extinction 
coefficient of 1 . 0  NP^cm-! was used for ferricyanide. 
Manometric Methods
Oxygen consumption was measured manometrically with 
a microrespirometer (American Instrument Company) as 
described by Umbreit, Burris, and S t a u f f e r . 65 A 
constant temperature of 30 C was maintained.
Preparation of Derivatives
Preparation of 2,3-dihydro-5-carboxy-6-methyl-l,4- 
oxathiin. 2,3-didydro-5-carboxanilido-6-methyl-l,4- 
oxathiin (carboxin) was subjected to base hydrolysis.
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Thirty grams of carboxin in 240 ml ethanol was added to 
60 gm KOH in 60 ml and refluxed for 12 hours.
Approximately 200 ml of alcohol was then distilled and 
the remaining solution extracted with ether to remove 
unhydrolyzed carboxin. The solution was then made 
acidic with 12 N HC1 at 0-10 C and extracted with ether 
for 48 hours. The extract was dried overnight with 
magnesium sulfate and the ether evaporated with nitrogen. 
The residue was recrystallized twice from ethanol.
Molecular weight was determined by titration as described 
by Shriner and Fuson, ^ 5 however, the phenolphthalein was 
omitted and the pH adjusted to 8.0 using a Corning pH 
meter.
Preparation of 2,3-dihydro-5-carboxylic acid methyl 
ester-6 -methyl-l,4 oxathiin. Twenty-five ml of 95 per­
cent ethanol was added to a solution of potassium hydroxide 
(5 g in 8 ml of H 2O) in a distilling flask. The dis­
tilling flask was equipped with a dropping funnel and 
condenser connected to a receiving flask which contained 
1 gram of 2,3-dihydro-5-carboxy-6-methyl-l,4 oxathiin in 
10 ml of ether. The receiver was cooled in an ice bath.
The flask containing the potassium hydroxide was heated 
to 65 C on a water bath and the solution of Diazald 
(21.5 g in 200 ml ether) was added through a dropping 
funnel in about 25 minutes. The rate of distillation 
was dept equal to the rate of addition. The product 
was stirred for 5 minutes and filtered through silica
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gel. The ether was then evaporated and the methyl ester 
collected.
Preparation of ortho-toluanilide. Ortho-toluic acid 
was added to thionyl chloride (1 : 1  ratio) in a flask 
equipped with a drying tube and stirred overnight. Five 
ml of this solution was added to 10 ml of aniline. The 
ortho-toluanilide precipitated and was recovered, then was 
recrystallized once from ligroin and once from benzene.
Preparation of ortho-phenyltoluate. Ortho-toluic 
acid and thionyl chloride were stirred overnight as in 
the preparation of ortho-toluanilide. Five ml of the 
resulting solution was added to 1 0 ml sodium phenoxide. 
Excess thionyl chloride was evaporated, and the ortho- 
phenyltoluate was recovered as a liquid.
Preparation of 2,3-dihydro-6-methyl-5-carboxyiso- 
propylamide-1,4 oxathiin. About 0.5 g of 2,3-dihydro-
5-carboxy-6-methyl-l,4 oxathiin was added to 1 ml of 
thionyl chloride and the mixture was refluxed for 30 
minutes. Then 1.5 ml of isopropylamine was added in 15 
ml benzene. The resulting mixture was warmed on a steam 
bath for 2 minutes then washed with H 2O, 5% HCl, and 5% 
NaOH. The benzene was then evaporated and the amide 
recrystallized from ligroin.
The 3'methyl analog of carboxin and 2,3-dihydro-6- 
methyl-5-carboxamide-l,4 oxathiin were gifts of UniRoyal 
Chemical Company, Bethany, Connecticut. N-phenyl- 
3,3-dimethyl acrylamide was synthesized by Dr. George
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R. Newkome, Department of Chemistry, Louisiana State 
University.
Melting points of all derivatives was determined 
using a Fisher melting point apparatus.
Nuclear Magnetic Resonance Spectra
Nuclear magnetic resonance spectra were obtained 
using a Model R12B NMR machine from Perkin Elmer 
Instrument Company (England). Samples were dissolved in 
chloroform-d or carbon tetrachloride and tetramethyl 
silane was used as a standard.
Electron Paramagnetic Resonance Spectra
EPR spectra were obtained with a Joel apparatus 
(Japan). Substrate was added to the enzyme preparation 
in a Quartz tube, mixed for 15 seconds, and then the tube 
was immersed in liquid nitrogen. When used, inhibitors 
were added 1 minute prior to addition of substrate. After 
freezing in liquid nitrogen, the tube was placed in a 
dewar flask cooled with nitrogen gas to a temperature of 
-136 C to -150 C.
Chemicals
Carboxin (98% active, 2,3-dihydro-5-carboxanilido-
6-methyl-l,4 oxathiin) was obtained from UniRoyal Chemical 
Company. Sucrose solutions were prepared from enzyme 
grade sucrose (Schwarz-Mann). Enzyme grade cholic acid 
(Schwarz-Mann) was recrystallized once from 70% ethanol 
and adjusted to pH 7.25. Enzyme grade deoxycholic acid 
(Schwarz-Mann) was recrystallized once from 70% ethanol
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and the pH adjusted to 7.9. The following chemicals were 
obtained from the source indicated in parentheses: 
phenazine methosulfate, coenzyme Qg and coenzyme Q^q 
(Sigma),2,6 -dichlorobenzeneone-indophenol sodium 
(General Biochemicals), Triton x-100 (Calbiochem), 4,4,4- 
Trifluro-1-(2-thienyl)-1,2-butanedione (Matheson,
Coleman, and Bell), enzyme grade ammonium sulfate 
(Nutritional Biochemicals Corporation), Chloroform-d 
containing 1% tetramethylsilane and Diazald (Aldrich 
Biochemicals). Quartz tubes used in EPR studies were 
obtained from the Wilmad Glass Company. Fresh beef 
hearts were purchased from Imperial Beef Company, Baton 
Rouge, Louisiana. Coenzyme Q 2 was a gift of Dr. Karl 
Folkers, Institute for Biomedical Research, University 
of Texas at Austin.
RESULTS
Effects of carboxin on intact beef heart and rat 
liver mitochondria were determined by conducting 
respirometry studies employing TCA cycle intermediates 
as substrates (Table 1). Inhibition of succinate 
oxidation by mitochondria in the presence of 10“  ̂ M 
carboxin was found to be 59 percent in the case of 
rat liver mitochondria and 8 5 percent with beef heart 
mitochondria (Figure 2). o(-keto glutarate oxidation was 
inhibited 57 percent with rat liver mitochondria and 41 
percent with beef heart mitochondria by 1 0 "^ m carboxin 
(Figure 3). No inhibition was observed with the other 
substrates employed.
Mitochondria which had been disrupted by sonic 
oscillation were used to determine if carboxin was affect­
ing permeability of the mitochondrial membrane. As shown 
in Table 1, there was no decrease in inhibition of 
succinate oxidation by disrupted mitochondria. Carboxin 
(10“  ̂ M) inhibited succinate oxidation of disrupted beef 
heart mitochondria by 91 percent and of disrupted rat 
liver mitochondria by 63 percent.
Although o(-keto glutarate oxidation was inhibited 
by carboxin, it is likely that the inhibition occurred as 
a result of the fact that o<-keto glutarate oxidation 
immediately precedes carboxin-sensitive succinate oxida­
tion. Malonate, which inhibits hydrogen transfer from 




Effect of carboxin on oxygen uptake by beef heart 







by 10“ 4 M 
Carboxin
Beef heart Succinate 376.40 85




Rat liver Fumarate 49.90 0
Beef heart DPNH 196.20 0








(Disrupted) Succinate 301.60 91
Rat liver
(Disrupted) Succinate 499.01 63
^Warburg flasks contained 4 mg mitochondrial protein, 
360 umoles sucrose, 60 umoles substrate, 25 umoles 
potassium phosphate, 2 0  umoles magnesium chloride,
1 umole ATP, 10 mg bovine serum albumin, 1 mg 
hexokinase, 0 . 2  ml 2 0 % potassium hydroxide in the 
center well, and 10’  ̂ M carboxin. All solutions 
used were adjusted to pK 7.4. Total volume was 
adjusted to 3.0 ml with deionized water. Incubation 
temperature was 30 C. Results are corrected for 
endogenous activity.
^Calculations were based on the amount of oxygen uptake 
over a 60 minute period.
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Figure 2. Effect of carboxin on oxygen uptake of
beef heart mitochondria. Warburg flasks 
were prepared as described in Table 1. 
Symbols: no carboxin ( • ), 10"^ M
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Figure 3. Effect of carboxin on ©<-ketoglutarate 
oxidation by disrupted beef heart mito­
chondria. Warburg vessels were prepared 
as described in Table 1. Symbols: 
control ( • ), 10 M carboxin ( o ). 













O^-keto glutarate oxidation and the results compared to 
those obtained with carboxin. As shown in Figure 4, 10“® 
M malonate inhibited c<-keto glutarate oxidation of dis­
rupted beef heart mitochondria by 30 percent as compared 
to 41 percent inhibition observed with 10“ 4 M carboxin.
The effects of varied concentrations of carboxin on 
succinate oxidation was investigated. At a concentration 
of 10“® M, carboxin inhibited succinate oxidation by 22 
percent. Lower concentrations gave no inhibition. While 
a concentration of 10”  ̂ M resulted in 85 percent inhibi­
tion, higher concentrations did not result in increased 
inhibition (Table 2).
To further investigate the nature of the inhibition 
of succinate oxidation by carboxin, assays of succinate 
dehydrogenase activity and coenzyme Q reduction were 
conducted. Succinate dehydrogenase activity of beef 
heart mitochondria was measured by following phenazine 
methosulfate (PMS) reduction. Results, given in Table 3, 
show no inhibition of oxygen uptake in the presence of 
10“ 4 M carboxin.
Indirect measurement of the reduction of coenzyme Q 
was done using the artificial electron acceptor, neotetra­
zolium chloride. Results are shown in Table 4. Using 
succinate as substrate and beef heart mitochondria (8 mg 
protein) the formation of formazan was reduced 50 percent 
during a period of 30 minutes by 10“ 4 M carboxin. When
Figure 4. Comparison of the effects of carboxin
and malonate on o<-ketoglutarate oxida­
tion by beef heart mitochondria. Warburg 
vessels were prepared as described in 
Table 1. Symbols: control ( ■ ),
10“4 M carboxin ( O ), 1 0 ~ 5  m malonate 











Effect of carboxin on succinate oxidation by beef 
heart mitochondria (4 mg protein).*
Substrate Carboxin (M) Inhibition ( % ) 2
Succinate 5 x 10" 4 85
Succinate 1 0 ~ 4 85
Succinate 1 0 " 5 56
Succinate 1 0 - 6 2 2
Succinate 1 0 - 7 0
^Warburg vessels were prepared as described in Table I .




Effect of 1 0 "^ m carboxin on succinate dehydrogenase 
activity of beef heart mitochondria as measured by the 
phenazine methosulfate assay.
Units of Enzyme Activity^ Specific Activity^




^One unit of enzyme activity utilizes 1 ul of C>2 per 
minute.
^Specific activity is given as units per mg of protein.
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TABLE 4
Effect of carboxin on the reduction of coenzyme Q 
of beef heart mitochondria (8 mg protein) as measured 
by the neotetrazolium assay.^
mumoles Formazan Formed
Substrate Without Carboxin With Carboxin
Succinate 483.84 241.6
DPNH 340.0 340.0
^Procedure outlined in materials and methods section.
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DPNH was used as substrate, there was no inhibition of 
formazan formation.
At this point, succinate-coenzyme Q reductase which 
is Complex II of the electron chain was isolated. The 
effect of carboxin on the activity of succinate-coenzyme 
Q reductase was determined using the dichlorophenolindol- 
phenol (DCIP) assay system (Table 5). DCIP does not 
react directly with the succinate dehydrogenase flavin 
prosthetic group^ 2 but has generally been assumed to be 
reduced non-enzymatically by reduced coenzyme Q. However, 
with our preparation considerable activity was observed 
without adding coenzyme Q to the reaction mixture. Also, 
DCIP reduction was markedly inhibited by 10“^ M carboxin 
in the presence or absence of added coenzyme Q (Table 6 ). 
DCIP reduction was inhibited 81 percent in the presence 
of added coenzyme Q and 80 percent in the absence of 
added coenzyme Q.
Neotetrazolium assays were conducted using the same 
preparation of succinate-coenzyme Q reductase in an 
attempt to determine whether our preparation actually 
contained residual amounts of coenzyme Q or if, in fact, 
the DCIP was accepting electrons from succinate dehydro­
genase directly. As shown in Table 6 , no activity was 
noted in the absence of added coenzyme Q. Formazan 
formation in the presence of added coenzyme Q was 
inhibited 85 percent by 10“  ̂ M carboxin.
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TABLE 5
Effect of carboxin on the activity of succinate- 
coenzyme Q reductase as measured by the DCIP assay.
Carboxin (M) Specific Activity % Inhibition
None 24. 01 None
10~4 4 . 5 81
5 x 10“5 10. 2 58
10“5 12.0 50
icr6 18.0 25




DCIP, neotetrazolium, and ferricyanide assays of 
succinate-coenzyme Q reductase activity performed in the 
presence of added coenzyme Q (1.3 x 10“  ̂ M ) .
Method of Assay Specific Activity
% Inhibition 
by 10"4 M Carboxin
+Co Q 2 -Co q 2 +Co Q2 -Co Q2
DCIP1 20. 0 14.6 81 80
Neotetrazolium^ 16.0 0 85
Ferricyanide^ 18.0 1.3 78
^-Specific activity is expressed as umoles succinate 
oxidized/min/mg protein.
^Specific activity is expressed as umoles formazan 
formed/min/mg protein.
^Specific activity is expressed as umoles succinate 
oxidized/min/mg protein.
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Ferricyanide reduction by succinate-coenzyme Q 
reductase in the presence of succinate was also shown to 
be dependent upon the addition of coenzyme Q (Table 6).
A specific activity of 1.3 was observed in the absence of 
added coenzyme Q. Ferricyanide reduction was inhibited 
78 percent by 10"4 M carboxin.
Beef heart mitochondria were depleted of coenzyme Q 
by extracting with acetone and used to determine if 
coenzyme Q was being directly affected by carboxin. The 
acetone extracted mitochondria were unable to oxidize 
succinate without addition of coenzyme Q. When coenzyme Q 
was added in increasing amounts to acetone extracted 
mitochondria using succinate as a substrate, the percent­
age of inhibition by 10"4 M carboxin did not decrease 
(Table 7). When 0.1 umole to coenzyme Q was added to 
acetone extracted beef heart mitochondria (2.7 mg) 
formazan formation was inhibited 80 percent by 10"4 M 
carboxin. When 0.8 uM coenzyme Q was added under the 
same conditions, formazan formation was inhibited 84 per­
cent by 10”4 M carboxin. Acetone extraction of beef heart 
mitochondria did not affect their ability to oxidize 
DPNH. Addition of ubiquione did not cause an increase in 
formazan formation (Table 7) which was uninhibited by 
carboxin (10"4).
The effect of increasing concentrations of coenzyme Q 2 
on the inhibition of succinate-coenzyme Q reductase by 
carboxin was studied using the DCIP assay system
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TABLE 7
Effects of carboxin on succinate and DPNH oxidation 
by acetone-extracted beef heart mitochondria as measured 









by 10"4 M 
Carboxin
Succinate 0 0.021 -
Succinate 0.1 250 80
Succinate 0.3 310 82
Succinate 0.6 430 84
Succinate 00•0 660 84
DPNH 0 584 0
DPNH 0.3 552 0
DPNH 0.6 472 0
DPNH 0••H 472 0
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(Table 8). Again, increasing the concentration of co­
enzyme Q did not decrease the amount of inhibition by 
10"* M carboxin (81 percent with 1.3 x 10“  ̂ M coenzyme Q 
as compared to 78.1 percent with 2.6 x 10"* M coenzyme 
Q) .
Derivatives of carboxin were prepared in order to 
determine the effects of various substitutions on the 
ability of carboxin to cause inhibition of succinate and 
DPNH oxidation by mitochondria and of succinate-coenzyme 
Q reductase activity. The structures of those derivatives 
was verified by their nuclear magnetic resonance (NMR) 
spectra (Figures 5-10) .
The effects of carboxin and carboxin analogs on 
succinate oxidation by disrupted beef heart mitochondria 
(4 mg protein) is shown in Table 9. 2,3-Dihydro-5-
carboxy-isopropylamide-6-methyl-l,4 oxathiin caused 26 
percent inhibition of succinate oxidation at a concen­
tration of 10"* M and 34 percent inhibition at a concen­
tration of 10"3 M (Figure 11). The 3'methyl derivative 
of carboxin inhibited succinate oxidation by 80.7 percent 
at a concentration of 10"* M and 94.5 percent inhibition 
at a concentration of 10"-* M (Table 9) . None of the 
other derivatives were effective in causing inhibition 
of succinate oxidation.
Table 10 shows the effects of carboxin and carboxin 
analogs on succinate-coenzyme Q reductase activity as 
measured by the DCIP assay system. Carboxin (10“* M)
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TABLE 8
Effect of increasing concentrations of coenzyme Q 2 
on inhibition of succinate-coenzyme Q reductase by 




% Inhibition by 
10"4 M Carboxin
1.3 x 10-5 M 26 81.0
6.5 x 10“5 M 23.4 78.4
1.3 x 10"4 M 12.8 74.0
2.6 x 10"4 M 12.2 78.1
^Specific activity is expressed as umoles succinate 
oxidized/min/mg protein.
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Figure 5. NMR spectrum of 2,3-dihydro-5-carboxy- 
6-methyl-l,4 oxathiin. Spectrum was 
done in a model R12B machine from Perkin 
Elmer Instrument Company (England). The 
sample was dissolved in d-chloroform 
and tetramethylsilane was used as a 
standard.
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Figure 6 NMR spectrum of ortho-phenyltoluate. 






Figure 7. NMR spectrum of ortho-toluanilide.
Conditions were as described for figure 









Figure 8 NMR spectrum of N-phenyl-3,3-dimethylacryl- 










Figure 9 NMR spectrum of 2 ,3-dihydro-5-carboxylic 
acid methyl ester-6-methyl-l,4 oxathiin. 
Conditions were as described for figure 4.
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Figure 10. NMR spectrum of 2,3-dihydro-6-methyl-5- 
carboxyisopropylamide-1,4-oxathiin. 
Conditions were as described for figure 4.
CH CH r
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Inhibition* of succinate oxidation by disrupted beef 














acid methyl ester-6- 
methyl-1,4 oxathiin 0 34
2,3-dihydro-5-carboxy- 
i sopropylamide-6-methy1- 
1,4 oxathiin 26 0
2,3-dihydro-5-carboxy-3'- 
methyi-anilido-6-methyl- 
1,4 oxathiin 80.7 94. 5
^-Calculations based on amount of oxygen uptake over a 
60 minute period.
^Warburg vessels were prepared as described in Table 1.
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Figure 11. Effect of 2,3-dihydro-5-carboxylic acid 
methyl ester-6-methyl-l,4 oxathiin on 
succinate oxidation by disrupted beef 
heart mitochondria. Warburg vessels 
were prepared as described in Table 1. 
Symbols: Control ( ■ ), 10“4 m  2,3-
dihydro-5-carboxylic acid methyl ester- 
6-methyl-l,4 oxathiin ( o ), 10“3 m 
2,3-dihydro-5-carboxylic acid methyl 
ester-6-methyl-l,4 oxathiin ( • ). 
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68
TABLE 10
Inhibition of succinate-coenzyme Q reductase 
activity by carboxin and carboxin analogs as measured 













acid methyl ester-6- 
methyl-1,4 oxathiin 0 0
2,3-dihydro-5-carboxy- 
isopropylamide-6-methyl- 
1,4 oxathiin 20 3.5
2,3-dihydro-5-carboxy-3'- 
methy1-anilido-6-methyl- 
1,4 oxathiin 83 -
^-Calculations based on umoles succinate oxidized/min/mg 
protein.
^Not determined.





Inhibition^- by carboxin and carboxin analogs of 














acid methyl ester-6- 
methyl-1,4 oxathiin 0 0
2,3-dihydro-5-carboxy- 
isopropylamide-6-methyl- 
1,4 oxathiin 0 0
2,3-dihydro-5-carobxy-3'- 
methyl-anilido-6-methyl- 
1,4 oxathiin 0 0
^Calculations based on amount of oxygen uptake over a 
60 minute period.
^Warburg vessels were prepared as described in Table 1.
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Figure 12. Effect of ortho-phenyltoluate on DPNH
oxidation by disrupted beef heart mito­
chondria. Warburg vessels were prepared 
as described in Table 1. Symbols: 
Control for 10"4 m ortho-phenyltoluate 
( □ ), 10~4 m ortho-phenyltoluate ( ■ ), 
control for 10”  ̂ M ortho-phenyltoluate 
( o  )/ 10“3 m ortho-phenyltoluate ( • ). 
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Figure 13. Effect of N-phenyl-3,3-dimethyl acrylamide 
on DPNH oxidation by disrupted beef heart 
mitochondria. Warburg vessels were pre­
pared as described in Table 1. Symbols: 
Control for 10“4 M N-phenyl-3,3-dimethyl 
acrylamide ( □ ), 10”* M N-phenyl-3,3- 
dimethyl acrylamide ( ■ ), control for 
10“3 M N-phenyl-3,3-dimethyl acrylamide ( o  ), 10~3 m N-phenyl-3,3-dimethyl 
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Figure 14. EPR spectrum of sub-mitochondrial parti­
cles reduced by succinate. The particles 
(50 mg protein/ml) were suspended in 0.25 
M sucrose, 50 mM tris-HCl buffer (pH 8.0) 
and mixed with 2 mM KCn, 0.18 mM TMPD,
4 mM tris-HCl buffer, 2 mM ascorbate, and 
20 mM succinate. They were frozen 
immediately and the spectrum recorded at 
-140 C.
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using EPR spectroscopy. Figure 14 shows the EPR spectrum 
of a sub-mitochondrial heart muscle preparation reduced 
by succinate. Figure 15 shows the effect of carboxin 
(30 nmoles/mg protein) on the EPR spectrum of the same 
preparation reduced by succinate.
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Figure 14. EPR spectrum of sub-mitochondrial parti­
cles reduced by succinate. The particles 
(50 mg protein/ml) were suspended in 0.25 
M sucrose, 50 mM tris-HCl buffer (pH 8.0) 
and mixed with 2 mM KCn, 0.18 mM TMPD,
4 mM tris-HCl buffer, 2 mM ascorbate, and 
20 mM succinate. They were frozen 
immediately and the spectrum recorded at 
-140 C.

Figure 15. Effect of carboxin on the EPR spectrum 
of sub-mitochondrial particles reduced 
by succinate. Samples were prepared as 
described in figure 13, except that 30 
m moles carboxin/mg protein was added 
1 minute prior to addition of substrate.

DISCUSSION
In determining the mode of action of a fungicide, an 
effort is made to determine the primary site of attack by 
the fungicide. Secondary effects are often observed when 
whole cells are used as systems for study which are 
frequently difficult to distinguish from primary effects. 
The effect of carboxin on succinate oxidation by mito­
chondria from various fungi, pinto beans, rat liver, and 
rabbit liver is well documented. Also, inhibition by 
carboxin of the incorporation of uracil into RNA, DNA 
synthesis, and incorporation of phenylalanine into 
protein by sensitive fungi has also been reported. How­
ever, it has generally been assumed that these latter 
effects are due to a lack of high energy compounds or 
precursor synthesis resulting from inhibition of the 
TCA cycle and hence of oxidative phosphorylation. Inhi­
bition of RNA, DNA, and protein synthesis would likewise 
result in inhibition of the TCA cycle, but not in 
specific inhibition of succinate oxidation. The point 
of attack of carboxin was therefore considered to be 
succinate dehydrogenase or a closely following reaction. 
Since the respiratory chain of beef heart mitochondria 
has been more extensively studied than has that of any 
other system, beef heart mitochondria was chosen as a 
system for studying the effects of carboxin.
Respirometry studies in which TCA cycle intermediates 
were used as substrates confirmed that carboxin inhibits
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succinate oxidation by beef heart mitochondria. Signifi­
cant inhibition of cK-ketoglutarate oxidation was also 
observed. Malonate, which is known to inhibit succinate 
oxidation specifically, was shown to inhibito^-keto- 
glutarate oxidation as well. These results would indicate 
that inhibition of o<-ketoglutarate oxidation by carboxin 
or malonate is probably related to the fact that o<-keto- 
gluterate oxidation immediately precedes the sensitive 
succinate oxidation step.
To determine the nature of the inhibition of 
succinate oxidation by carboxin, its effect on the co­
valently bound flavin adenine dinucleotide of succinate 
dehydrogenase was investigated. This coenzyme functions 
as a hydrogen acceptor in the oxidation of succinate to 
fumarate and can donate electrons to various artificial 
electron acceptors. Reduction of phenazine methosulfate, 
which accepts electrons from reduced FAD, was not inhibited 
by carboxin. This rules out inhibition at the level of 
the succinate dehydrogenase flavin group.
The possible role of coenzyme Q (also called 
ubiquinone because it is ubiquitous in cells) in the 
electron transport chain has been studied extensively. 
Although its role is controversial, it is generally 
accepted that it is a carrier, possibly functioning 
by shuttling between the flavoproteins and the cytochrome 
system. Neotetrazolium chloride accepts electrons from 
reduced coenzyme 0 (ubiquinol) and becomes a colored
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compound, formazan. Inhibition by carboxin of formazan 
formation by intact mitochondria and by succinate- 
coenzyme Q reductase when succinate was used as a sub­
strate indicates that the site of action of carboxin 
lies between the flavoprotein of succinate dehydrogenase 
and coenzyme Q. Obviously the cytochrome system was not 
affected or inhibition of oxidation of all substrates 
would have been observed. These results did not preclude 
the possibility that carboxin was acting directly on the 
ubiquinone, possibly by complexing with it or by acting 
as a structural analog. However, it is doubtful that 
carboxin acts by accepting electrons since the reduced 
form is not toxic. Once the carboxin present was reduced, 
inhibition should therefore have ceased which was not the 
case. Beef heart mitochondria were depleted of coenzyme 
Q by extracting with acetone and used to determine if co­
enzyme Q was being affected directly by carboxin. While 
acetone extracts the lipids, the gross structural 
integrity of the mitochondria is p r e s e r v e d . T h e  acetone 
extracted mitochondria were unable to oxidize succinate 
which confirmed that no ubiquinone remained. When neo- 
tetrazolium assays were done in which the concentration of 
carboxin was kept constant and ubiquinone was added in 
increasing amounts, the inhibition observed relative to 
the controls did not decrease. Acetone extraction did 
not affect the ability of mitochondria to oxidize DPNH 
which was not inhibited by carboxin. Obviously, there
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was some property of the ubiquinone involved in the NADH 
oxidase system which differed from that in the succinoxi- 
dase system. It is possible that the ubiquinone of the 
NADH oxidase system is more difficult to extract than 
that of the succinoxidase system. However, if ubiquinone 
is a mobile component of electron transfer as has been 
suggested and shuttles back and forth from the flavo- 
proteins to the cytochromes, then ubiquinone extraction 
should effect equally both succinoxidase and NADH oxidase. 
Other investigations have also suggested a difference in 
the nature of ubiquinone of the NADH oxidase and succi­
noxidase systems. While increasing side-chain lengths of 
members of the coenzyme Q group enhance activity of NADH 
oxidase activity in beef heart mitochondria, there appears 
to be little specificity for side-chain length in the 
succinoxidase system.56 Albracht, van Herrikhuezen, and 
Slater^ also found that coenzyme Q 2 is as effective as 
coenzyme Q^q in restoring succinate oxidation by beef 
heart mitochondria but that NADH oxidation has a marked 
preference for coenzyme Qiq* They reported the restora­
tion of succinate oxidation by re-incorporation into 
pentane-extracted beef heart mitochondria of a coenzyme 
Q10 free fraction of the pentane extract. This fraction 
was ineffective in restoring NADH oxidation. Lenaz^® 
reported that requirements for length of the isoprenoid 
side-chain of coenzyme Q were highly specific for NADH- 
oxidase activity of beef heart mitochondria but not
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quite so critical in the NADH oxidase system of yeast 
mitochondria. Requirements for specific isoprenoid side- 
chain length were almost neglible for succinoxidase 
activity in both types of mitochondria.
As further proof that coenzyme Q is not the site of 
action of carboxin, DCIP assays were conducted in which 
the concentration of carboxin was kept constant while 
the concentration of ubiquinone was increased. The 
amount of inhibition remained constant even when the 
amount of coenzyme Q added was increased more than ten 
fold.
Our results have shown that carboxin inhibits 
formazan formation by intact mitochondria and by 
succinate-coenzyme Q reductase, inhibits DCIP reduction 
by succinate-coenzyme Q reductase, and does not affect 
coenzyme Q directly. These results confirm that the 
site of action of carboxin lies within Complex II of the 
electron transport system.
The high activity of succinate-coenzyme Q reductase 
in the absence of added coenzyme Q using the DCIP assay 
system indicated that DCIP was reduced without the 
intervention of coenzyme Q. No activity was observed 
using the neotetrazolium chloride or ferricyanide assay 
systems in the absence of added coenzyme Q. Ziegler and 
D o e g ^  whose method was used for the preparation of 
succinate-coenzyme Q reductase, reported DCIP reductase 
activity of their preparation amounting to 40 percent
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of the activity observed in the presence of added co­
enzyme Qj. They interpreted this as meaning that their 
preparation contained small amounts of coenzyme Q or 
that the DCIP could react at the same site on the enzyme 
as coenzyme Q but at a lower rate. Baginsky and Hatefi^ 
prepared succinate-coenzyme Q reductase according to the 
method of Ziegler and Doeg and reported that no coenzyme 
Q 10 could be detected chemically in their preparation and 
that ferricyanide reduction was completely dependent on 
the addition of coenzyme Q.
Recent investigations on the structure of succinate 
dehydrogenase have shown that it is composed of two 
subunits. One is a flavoprotein and contains iron and 
labile sulfide in a ratio of 4 g atoms of iron and 4 
moles of labile sulfide per mole of flavin. The other 
subunit is an iron-sulfur protein. Reconstitution 
studies have suggested that the iron-sulfide system of 
succinate dehydrogenase plays a significant role in the 
reduction of coenzyme Q by succinate. Also, electron 
paramagnetic resonance studies have confirmed the 
presence of a second iron-sulfur protein between 
succinate dehydrogenase and coenzyme Q. A third iron- 
sulfur protein has also been shown to be reduced by 
succinate, but its reduction is inhibited by antimycin A 
which indicates that it is located on the cytochrome side 
of coenzyme Q. This iron-sulfur protein would therefore 
not be of concern in our study of inhibition by carboxin
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since we have confirmed that the site of inhibition lies 
within Complex II prior to the location of coenzyme Q. 
The pathway of electron transfer based on our evidence 
and that obtained by other investigators appears to be 
succinate — ► flavoprotein — > iron-sulfur proteinj — * 
iron-sulfur proteinjj — > coenzyme Q.
The preceeding information impels us to propose 
the following scheme of electron transfer as well as 
the site of inhibition by carboxin based on the absence 
of coenzyme Q from our preparation and the sites where 
the dyes react.
carboxin carboxin
succinate — > flavoprotein iron-sulfur iron-sulfur protein^
*  DCIPPMS
ferricyanlde 4; coenzyme Q
1neotetrazollum chloride
Figure 15. Schematic diagram of electron transfer 
from succinate to DCIP and PMS.
Ulrich and M a t h r e ^  reported that 100 uM carboxin 
inhibited succinate-coenzyme Q reductase in mitochondria 
from U. maydis by 100 percent when DCIP was used as the 
terminal electron acceptor. However, the same amount of 
carboxin inhibited succinate oxidation by only 59 percent 
when PMS was used as the initial electron acceptor with
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DCIP being added to the assay as the terminal electron 
acceptor. He stated that he was unable to account for 
this difference in sensitivity. Similar results were 
also observed by White^O in his studies on the effects 
of carboxin on a particulate preparation of succinate 
dehydrogenase from U. maydis. Carboxin, at a concentra­
tion of 5 x 10"6 M completely blocked DCIP reduction. 
However, when PMS was added to the reaction mixture, a 
lower amount of inhibition dependent upon PMS concentra­
tion was observed than when DCIP was used alone as an 
electron acceptor. The scheme which we have proposed 
shows that these results would be expected. While we are 
unable to say whether the site of action of carboxin is 
on the iron-sulfur protein moiety of succinate dehydroge­
nase, the following iron-sulfur protein, or both, DCIP 
reduction would be greatly inhibited in the absence of 
PMS in any case. PMS on the other hand accepts electrons 
from the flavoprotein of succinate dehydrogenase and has 
been shown to reduce DCIP. Therefore, a decrease in 
inhibition of DCIP reduction would be expected in the 
presence of PMS since carboxin does not inhibit reduction 
of the flavoprotein. Carboxin inhibition is similar to 
that of thenoyltrifluroacetone which does not inhibit PMS 
reduction but inhibits coenzyme Q reduction.^7 gPR 
studies have indicated that the site of inhibition of 
TTFA is not the iron-sulfur protein of succinate
88
dehydrogenase, but rather the second iron-sulfur 
protein.
Our results indicate that DCIP accepts electrons 
from one or both of the iron-sulfur proteins in the 
succinoxidase system. However, it is possible that DCIP 
accepts electrons from coenzyme Q as well. Another 
explanation is that increased DCIP reduction which has 
been reported upon addition of coenzyme Q to assay 
mixtures of succinate-coenzyme Q reductase could be the 
result of allosteric activation of succinate dehydroge­
nase by reduced coenzyme Q as reported by Gutman, Kearney, 
and S i n g e r ^ 3  and by Susheela and Ramasarma.^7
While results have confirmed that the site of action 
of carboxin is at the level of the iron-sulfur proteins 
located in the succinoxidase system, we sought to 
further specify which of the iron-sulfur proteins was 
involved. Our previous evidence has been based on our 
findings involving the use of artificial electron 
acceptors. However, as our results with the DCIP assay 
system have indicated, it is not always possible to say 
with certainty that the artificial electron acceptor 
accepts electrons specifically from one component. Also, 
it would be extremely difficult or impossible to develop 
an assay system employing an artificial electron acceptor 
which would be specific for a particular one of the iron- 
sulfur proteins in the succinoxidase system. Therefore, 
we attempted to use EPR as a method for determining which
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iron-sulfur protein was affected by carboxin. Albracht, 
et al/1 reported that a preparation of isolated Complex 
I & III containing small amounts of succinate dehydroge­
nase gave an EPR spectrum which exhibited lines with g 
values at 2 .0 2, 2 .0 0, 1.94, and 1.92. In the presence of 
TTFA, the height of the g ■ 1.94 line was only 5 percent 
of its height in the absence of TTFA. Since TTFA has no 
effect on the g = 1.94 line in isolated succinate dehydro­
genase, it was concluded that 95 percent of the g = 1.94 
line in Complex I & III appearing with succinate was due 
to iron-sulfur proteins located in the respiratory chain 
after the dehydrogenase. Their results further indicated 
that at least three species of iron-sulfur proteins with 
an EPR spectrum typical for succinate dehydrogenase 
(g = 2.02, g ■ 1.94, g = 1.92) are present in the succi­
nate oxidase system. Two of these iron-sulfur proteins 
were shown to be inhibited by TTFA. One was located 
prior to coenzyme Q in the succinoxidase system. The 
appearance of an EPR signal from the second one was 
dependent upon the presence of coenzyme Q and therefore 
concluded to be located beyond coenzyme Q in the respira­
tory chain. Since the results we obtained with carboxin 
indicate a similar mode of action as observed with TTFA, 
we attempted to compare EPR spectra obtained using the 
two inhibitors. Attempts at obtaining EPR spectra of 
purified succinate-coenzyme Q reductase were unsuccussful. 
This might have been due to the fact that we were unable
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to concentrate our preparation to have an amount of 
undamaged iron-sulfur proteins sufficient for detection 
by our EPR machine. Previous results by other investi­
gators have shown the iron-sulfide system of succinate 
dehydrogenase to be very delicate and easily damaged 
during the purification procedure. We therefore decided 
to use a preparation of sub-mitochondrial particles. By 
using succinate as a substrate, interference was 
eliminated from the iron-sulfur proteins associated 
with NADH dehydrogenase^®. Ascorbate, N, N, N', N' - 
tetramethyl-p-phenylenediamine, and cyanide were added 
to reduce the copper of oxidized cytochrome oxidase which 
gives a strong EPR line with g = 1.99.15 Therefore, the 
appearance of free radical signals when succinate was 
used as a substrate would be due to iron-sulfur proteins 
located within the succinoxidase system. We were not 
concerned with any iron-sulfur proteins located between 
coenzyme Q and the cytochrome system, since our previous 
results indicated that the site of action of carboxin 
was located on the substrate side of coenzyme Q. As 
our EPR spectra obtained in the presence and absence 
of carboxin indicate, carboxin has a definite affect 
on the EPR spectrum of succinate-reduced sub-mitochondrial 
particles and hence on free radical formation. However, 
attempts to further define the effects on carboxin on the 
system were unsuccessful due to the limitation of our 
facilities.
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Results of experiments by Mathre4^ with carboxin- 
sensitive and insensitive fungi indicated some 
correlation between lipid solubility and toxicity of 
carboxin and its isomers. Lyr, Ritter, and Casperson41 
suggest that the selective effect of oxathiin compounds 
on Basidiomycetes is not due to a stronger accumulation 
of the fungicide due to its lipid solubility, but rather 
depends upon the lipid content of the fungus itself. Snel 
and Edgingtion®^ reported that substitutions of single 
CH^, Cl, and N0 2  groups in the anilino moiety of 
carboxin decreased toxicity except for the 3' methyl 
analog which was twice as toxic. If the 2-methyl oxathiin 
ring was replaced by a 2,4-dimethylthiazolyl, 2-amino-4- 
methylthiazolyl or o-tolyl group, toxicity was decreased. 
The ED50 value for R. solani with carboxin was 0.4 M as 
compared to 0.83 uM for ortho-toluanilide. Their results 
further indicated that the carboxamide moiety must be 
intact, the 6-methyl group was important for toxicity, 
and opening of the oxathiin ring reduced toxicity. While 
these studies on structure-activity requisites of carboxin 
and its isomers had been done using whole fungal cells, no 
investigations had been done on the purified enzyme which 
carboxin has been shown to inhibit. We, therefore, 
prepared derivatives of carboxin in an attempt to 
determine which specific part or parts of the carboxin 
molecule were responsible for its effect on purified 
succinate-coenzyme Q reductase. Our results indicated
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that the 3' methyl derivative of carboxin was at least 
as effective as carboxin in causing inhibition of succinate- 
coenzyme Q reductase. The only other derivative of 
carboxin which was shown to inhibit succinate-coenzyme Q 
reductase was 2,3-dihydro-6-methyl-5-carboxyisopro- 
pylamide-1,4 oxathiin and only slight inhibition was 
observed with this compound. In spite of the fact that 
carboxin failed to inhibit DPNH oxidation, the effect of 
the carboxin derivatives on DPNH oxidation by disrupted 
beef heart mitochondria was investigated. Two of these 
derivatives, ortho-phenyltoluate and N-phenyl-3,3- 
dimethyl acrylamide did in fact inhibit DPNH oxidation.
These results suggest that growth studies may be 
insufficient in determining structure-activity requirements 
of fungicides and their derivatives. While an isomer 
of a fungicide may inhibit growth of organisms, it need 
not necessarily inhibit the same process as the original 
molecule. This may be indicated by our results with ortho- 
toluanilide. Ortho-toluanilide caused no inhibition of 
succinate-coenzyme Q reductase activity at 10 times the 
concentration of carboxin which caused 80 percent 
inhibition. Snel and Edgington®-*- reported ortho- 
toluanilide to be 50 percent as effective as carboxin 
in growth studies of R. solani. This suggests that ortho- 
toluanilide may possibly affect some component of R. 
solani other than the succinate-coenzyme Q reductase.
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